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ABSTRACT: Samples historically collected and analysed by the Continuous Plankton Recorder survey 
were used to examine long-term (1958 to 1994) patterns in the normal diel vertical migrat~on (NDVM) 
behaviour of 7 copepod taxa in the North Sea: Calanus finmarchicus C5-C6; Calanus spp. Cl-C4; 
Cenlropages typicus; Centropages hamatus; Temora longicornis; Acartia clausii and Para-Pseudo- 
calanus (this last group included all Paracalanus and Pseudocalanus species). The ratio of night:day 
abundance near the surface was used as a measure of the extent of NDVM. For all 7 taxa, the extent of 
NDVM between 1958 and 1994 CO-varied wlth the abundance of herring Clupea harengusin the North 
Sea.  Fisheries data show that during this period the herring stock was a good indicator of the overall 
abundance of planktivorous fish in the North Sea. These results suggest that changes in the abundance 
of planktivorous fish in the North Sea over recent decades have resulted in modifications in the NDVM 
behaviour of many zooplankton taxa. 
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INTRODUCTION 
Diel vertical migration (DVM) is an  almost ubiqui- 
tous feature of zooplankton communities and, conse- 
quently, has been the subject of extensive research 
over the last century (e.g. Hardy 1936). While the pat- 
tern of normal DVM (NDVM) is for populations to 
occur deeper during the day and shallower at  night, 
reverse DVM (RDVM) (up during the day and down at 
night) also occurs. Strong evidence suggests that one 
of the principal functions of both NDVM and  RDVM is 
to reduce the risk of mortality from predators: visually 
oriented predators in the case of NDVM and tactile 
predators in the case of RDVM (Lampert 1989). Evi- 
dence for this 'predator-evasion hypothesis' comes 
from a variety of sources. First, for example, NDVM 
tends to be most pronounced in larger and more heav- 
ily pigmented taxa (Hays et  al. 1994), i.e. in those that 
are  more readily perceived by visual predators and 
hence would have the highest risk of mortality if they 
remained near the surface during the day. Second, for 
example, seasonal variations in NDVM occur so that 
migrating zooplankton only tend to be near the surface 
when illumination levels are  low and hence when their 
risk of being perceived by visual predators is small 
(Russell 1934, Hardy & Gunther 1936). Thus seasonal 
changes in the timing of NDVM occur in line with sea- 
sonal changes in dayh igh t  length with zooplankton 
shortening their daily period of near-surface foraging 
in the summer when nights are shorter and expanding 
their near-surface foraging in the winter when nights 
are  longer (Hays et  al. 1995). 
Further evidence for the predator-evasion hypothe- 
sis has come from findlng that long-term changes may 
occur in NDVM in line with changes in the intensity of 
visual predation. For example, Gliwicz (1986a) showed 
that the degree of NDVM in a series of lakes was cor- 
related with each lake's history of occupation by 
planktivorous fish. More recently it has been shown 
that decadal (1960 to 1990) changes in the NDVM 
behaviour of the copepod Calanus finmarchicus have 
occurred in the North Sea in line with changes in the 
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spawning stock biomass (SSB) of herring Clupea 
harengus in this region (Hays 1995a). Herring are 
planktivorous, with late copepodite stages of C. fin- 
nlarchicus forming a major component of their diet 
(Last 1989). The implication of the covariation between 
the NDVM behaviour of C. finmarchicus and the her- 
ring abundance is, therefore, that in years when her- 
ring were abundant, the intensity of v~sua l  predation 
on C. finmarchicus was high and  hence, as a conse- 
quence, this copepod showed relatively strong NDVM 
behaviour. Conversely in years when herring were 
scarce, the implication is that the intensity of visual 
predation on C. finmarchicus was relatively low and 
hence this copepod showed relatively weak NDVM 
behaviour (Hays 1995a). 
Temporal changes in NDVM behaviour can occur as 
a result of direct behavioural responses by individual 
zooplankters to changes in fish abundance (Neill 
1992). Alternatively, or additionally, increased fish 
abundance may lead to greater mortality of the non- 
rnigrators within a zooplankton population and hence 
to changes in the observed extent of NDVM within the 
population as a whole (Pearre 1979, Gliwicz 1986b). 
Here we provide a more detailed examination of 
long-term changes in the DVM behaviour of copepods 
in the North Sea. The previous work on the relation- 
ship between the NDVM behaviour of Calanus fin- 
marchicus and  the herring SSB assumes that the her- 
ring SSB provides a good measure of the overall 
intensity of visual predation on C. finmarchicus. To 
examine this assumption, w e  first consider whether the 
herring SSB reflects the total herring biomass in the 
North Sea and,  second, w e  consider the relative abun- 
dance of herring compared to 3 other abundant plank- 
tivorous fish, Norway pout Trisopterus esmarkii, 
sandeel Amniodytes spp,  and mackerel Scomber 
scornbrus. If there have indeed been major changes in 
recent decades in the intensity of visual predation on 
C. finmarchicusin the North Sea, it might be predicted 
that changes in the NDVM behaviour of other cope- 
pods will also have occurred. We examine this predic- 
tion first by quantifying the strength of the NDVM be- 
haviour over recent decades for the other abundant 
copepods in the North Sea and second by comparing 
these long-term patterns with that observed for C. fin- 
marchicus. 
MATERIALS AND METHODS 
Fisheries data. Information on the size of fish stocks 
in the North Sea was obtained from various ICES pub- 
lications. Data on the herring SSB and the herring total 
biornass for the period 1958 to 1994 were obtained 
from Anonymous (1995) for the area south of 62" N. 
Data on the total biomass of Norway pout and  sandeel 
in the area south of 62" N for the period 1978 to 1989 
were obtained from Anonymous (1990a, 1994) using 
the most recent estimate available for the stock size in 
each year. Thus stock size for the period 1982 to 1989 
was obtained from Anonymous (1994) and for the 
period 1978 to 1981 from Anonymous (1990a). Data on 
the total biomass of mackerel for the period 1978 to 
1989 were obtained from Anonymous (1990b). The 
mackerel found in the North Sea largely belong to the 
Western Stock which migrates into the northern North 
Sea (approximately 57 to 63" N) in the autumn from 
spawning grounds to the southwest of the UK. Based 
on figures given in Anonymous (1990b; Table 7.3) w e  
assumed that, when averaged throughout the year, the 
biomass of mackerel in the North Sea represented 
30% of the total Western Stock. 
Zooplankton data. Zooplankton data came from the 
Continuous Plankton Recorder (CPR) survey. More 
complete details of this survey can be found in Warner 
& Hays (1994). In short, CPRs have been towed regu- 
larly from ships of opportunity throughout the North 
Atlantic and North Sea from 1948 to the present, with 
the survey now being run by the Sir Alister Hardy 
Foundation for Ocean Science (SAHFOS). CPRs are 
towed near the surface (mean depth approximately 
7 m, Hays & Warner 1993) and sample zooplankton on 
a 270 pm mesh, with the samples being preserved in 
formalin inside the recorder. On return of the recorders 
to the laboratory, individual samples, each represent- 
ing 10 nautical miles (approximately 18.5 km) of tow, 
are  analysed using standard procedures and the 
resulting data are  entered into an  electronic relational 
data-base. 
In the standard analysis of CPR samples, the level of 
identification for different taxa varies. In the northern 
North Sea,  the 7 most abundant calanoid copepod taxa 
in the CPR records are (copepodite stages C5-C6 
unless otherwise stated): Calanus finmarchicus, 
Calanus spp. Cl-C4, Centropages typicus, Cen- 
tropages hamatus, Temora longicornis, Acartia clausii 
and Para-Pseudocalanus (this category includes all 
Paracalanus and Pseudocalanus species which are 
pooled to simplify the analysis procedure) (Oceano- 
graphic Laboratory Edinburgh 1973), with all these 
taxa having been identified since 1958. Due to their 
high abundance we focused our analysis on  these 7 
taxa. The prosome length of each taxon was taken 
from Hays et al. (1994) and references therein. 
For species in which the amplitude of NDVM is rela- 
tively strong, the abundance near the surface will b e  
higher during the night than it is during the day and 
hence the ratio of night:day abundance in the CPR 
records will be >1.0. Conversely when NDVM is rela- 
tively weak, abundance near the surface will be more 
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similar between night and day and hence the ratio of 
night:day abundance will be less and will become 1.0 
when there is no NDVM. Hence, as has been done 
before (Hays 1995a), the ratio of night:day abundance 
in the CPR records was used to provide a measure of 
the extent of NDVM in each year. This ratio, termed 
the N/D,nde,, was calculated by pooling all the CPR 
samples collected in each year in the study area and 
then using the equation: 
NID,ndes  = 
antilog [mean 10g(x,,,~, + l )  - mean log(xc, c,, + l ) ]  (1) 
where xnlghr and xdaY were the number of speciinens per 
sample for samples collected between midnight +6 h 
and midday +6  h respectively. The SE of the N/DIndex is 
given by: 
p~ -- 
SE = \i(cT2nBshr + ~ ~ d a y ) ( l / n n , ~ h l +  /nday) (2) 
where 02,,,,,, and u2,,, are the variances of the mean 
 log(^,,,,^, + l )  and the mean log(xd,,, + 1) values respec- 
tively and  nnlgh[ and nda, are the number of samples col- 
lected during midnight +6 h and midday +6 h respec- 
tively. As has been done before (Hays 1995a), we 
report zooplankton data for the area of the North Sea 
bounded by 54 to 60" N and 3" W to 10" E (Fig 1 ) .  
RESULTS 
Fisheries data 
The SSB and total biomass of herring in the North 
Sea showed similar patterns between 1958 and 1994, 
with higher values in the late 1950s and early 1960s, 
declining to lower values in the 1970s and then return- 
ing to higher values in the 1980s (Fig. 2). These 2 
indices of the herring abundance were extremely well 
correlated (r = 0.92) (Fig. 2c). 
Data for the sum of the herring total biomass + the 
sandeel total biomass + the Norway pout total biomass 
+ the mackerel total biomass (we termed this sum the 
'combined planktivorous fish total biomass') in the 
North Sea were available for 1978 to 1989 (Fig. 3a). 
2 4 6 
Herring total biomass (X 106 1) 
m 0 N i n w u 7 % w  ~ g g ? : : 2 ~ 2 z ~ ~ ~ 2 ~  
z z z z -  - z z ? z z z z z z z z z  Fiq 2 Clupea harenqus ( a )  SSB of herrlnq In the North Sea 
Year bitween 1958 and 1994. (b)  Herring total bio~nass (i .e mature 
+ immature fish) in the North Sea between 1958 and 1994. (c) 
Fig. 1. (a) Study area (shaded) in the North Sea. (b) Number of SSB of herring plotted against the total biomass of herring (h)  
analysed CPR samples collected in each year from the study for 1958 to 1994. SSB = 0.77 h3 + 0.101 = 177. r2 = 0.84, 
area p < 0.001) 
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During this period the combined planktivorous fish Zooplankton data 
total biomass showed a progressive increase from 
approximately 4 X 10' t in 1978 to approximately 8 X CPR sampling 
lob t in the mid 1980s. The total biomass of herring 
accounted for a variable proportion of the combined In the study area of the North Sea, a total of 27 089 
planktivorous fish total biomass (Fig. 3b). For example, CPR samples were collected between 1958 and 1994 
when herring were scarce in the 1970s they accounted and analysed. The sampling intensity was fairly uni- 
for approximately 6% of the combined planktivorous form over this time period, with approximately 600 to 
fish total biomass, but this percentage rose progres- 800 samples being analysed for each year (Fig. lb ) .  
sively through the 1980s as the herring stock recov- 
ered. Thus in the late 1980s, herring accounted for 
approximately 55 % of the combined planktivorous fish DVM behaviour of C5-C6 Calanus .finmarchicus 
total biomass. There was a close correlation between 
the total biomass of herring and the combined plank- The N/Dmd,, for C5-C6 Calanus finmarchicus was 
tivorous fish total biomass (Fig. 3c). generally higher in the late 1950s and early 1960s, then 
lower in the 1970s before it increased again in the 1980s. 
0 1 2 3 4 5 
Herring total biomass ( X  10 t)  
Fig. 3. Clupea harengus, Trisopterus esrnarkli, .-\rnrnodytes 
spp.,  Scornber scombrus. (a) Total biomass of herrinq (M). 
Norway pout (m), sandeel (a) and mackerel (0) in the Yorth 
Sea between 1978 and 1989. (b) Herring total biomass 
between 1978 and 1989 expressed as a proportion of the com- 
bined planktivorous fish total b~omass. (c) Relat~onship 
between the combined planktivorous fi.sh total biomass and 
the hernng total biomass for the penod 1978 to 1989. Com- 
bined planktivorous fish total biomass = 1.03 (Herring total 
biomass) + 3.38 (F, ,,, = 92.6. ? = 0.90, p < 0.001) 
Herring total biomass (X 106 t) 
Fig. 4. Calanus finmarchicus. Clupea harengus. (a) N/D,nd,, 
for C5-C6 C. finmarchrcus between 1958 and 1994. Error 
bars are + 1 SE. (b)  N/D,,d,, for C5-C6 C. finmarchicus (-) 
and the hernng total b~omass [ - - - l ,  both reduced to zero mean 
and unit variance to facilitate v~sual  cornpanson. (c) N/D,ndex 
for CS-C6 C. finmarchicus plotted against the hernng total 
biomass (h)  for the period 1958 to 1994. N/D,nd, = 1.01 + 
0.00381 h.' (F, , 5  = 29.8, r' = 0.46, p < 0.001) 
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The annual values for the NID,,,,, were positively 
correlated with the herring total blomass in the North 
Sea (Fig. 4). A cubic equation explained slightly more of 
the total variation in the N/D,,,,, than a linear fit al- 
though the difference was small (46.0 % versus 41.9 %). 
The unexplained variation in the relationship be- 
tween the NID,,,, for C5-C6 Calanus finmarchicus 
and the herring stock may have been, at  least partly, 
caused by the inaccuracy with which the N/Dindex was 
estimated in each year. To investigate this possibility 
we performed the following simulation. For the herring 
total biomass in each of the years (1958 to 1994, i.e. n = 
37 years) the N/Djnd,, for C5-C6 Calanus finmdrchicus 
was predicted using the equation: N/DindeX = 1.01 + 
0.00381 h3 where h is the herring total biomass in mil- 
lions of tonnes (Fig. 4 ) .  We termed this result the 'Pre- 
Fig. 5. Schematic representation of 
how the frequency distribution of 
rmodellcd was generated. Step 1. 
N/D,,d,,y for C5-C6 Calanus fin- 
marchicus was predicted using 
N/D,,d,, = 1.01 + 0.00381 h3 where 
h = the herring total biomass (X 106 t). 
Step 2: An error was then randomly 
selected using the known accuracy 
with which the N/D,,d, was esti- 
mated in each of the 37 years and 
added to each Predicted NIDmd,, 
value to give the Modelled N/D,ndeu, 
i.e. Modelled N/D,,d,, = Predicted 
NID,,,, + error; then rmChlled for the 
37 years was determined between 
the Adodelled NID,,,,, values and 
the herring total biomass. Step 3: 
Steps 1 and 2 were repeated 200 
times and the resulting frequency 
distribution for r,,,&?"& was deter- 
mined. If the error with which the 
N/D,,d,, is estimated is low then 
rm,d,,,d will tend to be very close to 
1.0 but as this error gets larger then 
rmodpned will tend to become less 
dicted NIDJnd,,'. From the known accuracy with which 
the N/D,,,,, was estimated in each of the 37 years 
(Eq. 2) a n  error was then randomly selected (and hence 
could be either + or -) and added to each Predicted 
N/D,,,,, value. We termed the result the 'Model led  
NID,,d,,', i.e. Modelled NIDind,, = Predicted NID,r,bex + 
error. The resulting correlation coefficient for the 37 
years was then determined between the Modelled 
N/Dlnd,, values and the herring total biomass (r,,,,,,,). 
We repeated this procedure 200 times and hence 
determined the frequency distribution for rmorjclled. The 
procedure is summarised graphically in Fig. 5. When 
the error with which the N/Dinde, is estimated is very 
low, then rmodelled will tend to be very near 1.0. Con- 
versely, when this error is greater, then rmodelled will 
tend to be less (Fig. 5). 
0.5 -1 
0 1 2 3 4 5 6  
Herring total biomass (X 106 t) 
I Step 2 
0 1 2 3 4 5 6  
Herrlng total biomass (X to6 t )  
Error in estimate 
small 
Error in estimate 
medium 
Error in estimate 
large 
modelled 
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The frequency distribution of rmdelled for the 
relationship between C5-C6 Calanus finmarchi- 
cus and the herring total biomass is shown in 
Fig. 6. The mean r was 0.708 (SD = 0.096, 
n = 200 trials). In other words, if the inter-annual 
variation in the N/Dlnde, of C5-C6 C. finmarchicus 
was entirely due to inter-annual variations in the 
herring stock, then, due to the inaccuracy with 
which the N/D,,,was estimated in each year, the 
correlation coefficient we would expect to observe 
between the N/Dlnde, for C5-C6 C. finmarchicus 
and the herring stock would be only about 0.708. 
The observed correlation coefficient for this rela- 
tionship (0.678; see Fig. 4) is very close to, and not 
significantly different from, this mean value for r,,,,del,ed 
(Z = -0.31, p = 0.76). The implication, therefore, is that 
other factors, aside from inaccuracy in the N/DInd,, 
estimates, do not need to be invoked to account for the 
unexplained variation in thc observed relationship 
between the N/DInd,, of C5-C6 C. finmarchicus and 
the herring total biomass. 
DVM behaviour of other calanoid copepods 
The N/Dlnd,, was calculated for each of the years 
1958 to 1994 for the taxa Calanus spp. ClGC4, Cen- 
tropages typicus, Centropages hamatus, Temora longi- 
cornis, Acartia clausli and Para-Pseudocalanus. The 
N/D,ndex time-series for each of these 6 taxa was then 
compared with the herring total biomass. In all 6 cases 
there was a significant relationship between the 
N/DjndeX and the herring total biomass (p  i 0.05) 
Table 1 A summary of the observed correlat~on coefficiclnts 
between the N/D,,,de, for each copepod taxon and the herring tot4 
biomass and the mean r,,,~~ values for each relationship 
Observed r Mean r,,,d,l,,,,, SD 
Calanus finmarchicus C5-C6 0.678 0.708 0.096 
Temora longicornis -0.550 -0.496 0.1 12 
Calanus spp. Cl-C4 0.385 0.390 0.161 
Para-Pse~~docalanus -0.465 -0.480 0.132 
Ceatropages typicus 0.421 0.454 0.149 
Centropages hamatus -0.422 -0.410 0.155 
Acartia clausii -0.388 -0.484 0.111 
Fig. 6. Calanus finmarchicus, Clupea harengus. For n = 200 
trials the frequency distribution of rmdelld for the relationship 
between the Modelled N/D,&, for CS-C6 C. finmarch~cus 
and herring total biomass. The value for the observed correla- 
tion (0.678) is shown by the vertical arrow 
(Fig 7). However, the sign of the correlation coefficient 
varied between the 6 taxa. The N/Dindex for Calanus 
spp. Cl-C4 and C. typicus was positively correlated 
with the herring total biomass (Fig. 7b, d) ,  whereas the 
N/Dil,,i,, for T longicornis, Para-Pseudocalanus, C. 
hamatus and A. clausii were all negatively correlated 
with the herring total biomass (Fig. ?a,  c, e ,  f ) .  
To investigate whether the low correlation coeffi- 
cients between the N/Dlnd,, for these 6 taxa and the 
herring total biomass were a consequence of the inac- 
curacy with which the N/Dinde, was estimated, we 
repeated the procedure outlined previously (Fig. 5), 
i.e. for each taxon the N/Dinde, was predicted for each 
year from the herring total biomass (using the equa- 
tions in the legend of Fig. 7)  and then, using the known 
errors with which the N/Dindex was estimated (error 
bars in Fig. 7), an error was randomly selected to pro- 
duce a Modelled N/Dlnde, value. The correlation coeffi- 
cient for the 37 Modelled N/D,ndex values (1958 to 1994) 
and the herring total biomass was then calculated (rmOd. 
./led) and this simulation repeated 200 times. The fre- 
quency distributions for rm0delled for these 6 taxa are 
shown in. Fig. 8. For each taxon the observed correla- 
tion coefficient was close to, and not significantly dif- 
ferent from, the mean value for r,,,oder,rd (IZI 10 .87 ,  p 2 
0.38). As for C5-C6 Calanus finmarchicus, therefore, 
the inaccuracy with which the N/DInd,, was estimated 
could account for the unexplained variation in the 
observed relationships between the N/DmdeX values for 
these 6 taxa and the herring total biomass (Table 1). 
The correlation coefficients for the relationships 
between the N/Dlndex values for each taxon and the 
herring total b~omass (Table 1) were plotted against 
the size of each copepod taxon (Fig. 9) .  A logistic equa- 
tion was fitted to the observations with the form: 
where r is the correlation coefficient, r, is the upper 
asymptote and k, and k2 are constants. From the 
observed inaccuracy with which the N/DInd,, was 
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i T (a) Temora longicornis (b) Calanus spp. Cl-C4  1 4  T 
I
0 1 2 3 4 5 6  
0 6 1  
0 1 2 3 4 5 6  
Herr~ng total biornass (X 106 t )  Herring total b~ornass (X 106 t )  
l 8  I ( C )  Par;-Pseudocalanus (d) Cen tropages typicus 
1.6 1 7  31 T 
Fig 7 Relationsh~ps for the years 1958 
to 1994 between the NID,,,,,, for 6 taxa 
of calanoid copepods and the herring 
total blomass ( h ) .  ( a )  Ten~ora long~c.orn~s.  
NID,,,,,., = 1.10 - 0.0011h3 (Fl  :,, ; 15 2,  
r2 = 0.30, p < 0.001) (b)  Calanus spp 
C l - C 4 -  N/D,,d ,,, = 1.02 + 0.00093h3 
= 6.1. r L  = 0 15, p = 0.019). (c) 
Para-Pseudocalan~~s. NID,,,,, = 1 18 - 
0 00159h3 (F ,  15 = 9 7 .  r 2 =  0.22, p < 0.01) 
(d)  Centropages typ~cus: NID,,,,, = 
0 9 7 1  + 0.00058h1 (F,,,, = 7.5 ,  r2  = 0.18, 
p = 0.01) (e) Centropages harnatus 
N I D  ,, = 1 02 - 0.00030h3 = 7.6 ,  
r' = 0.18, p < 0 0 1 ) .  ( f )  Acartia claus~l: 
NID,,,,., = 1.20 - 0.0015h3 (F,,,, = 6.2,  
r2  -- 0 15, p - 0 018) 
0 1 2 3 4 5 6  0 1 2 3 4 5 6  
Herring total biornass (X 10 t )  Herring total b~omass (X 10 t )  
' ' 1 ( e )  Centropages hamatus 
-r 
T ( f )  Acartia clausii 
085- 0.6 
0 1 2 3 4 5 6  0 1 2 3 4 5 6  
Herr~ng total b~ornass (X 106 1) Herring total biornass (X 10 t) 
quantified (Table. l ) ,  we assumed that r, was 0.708. 
We calculated k ,  and k2 in order to give the best fit to 
the observations using the Solver routine of Microsoft 
Excel 5.0. The fitted logistic model gave k l  = -3.37 and 
k2 = -1.5 and explained 84 O/o of the observed varlation 
in the values of r (Fig. 9) (F,, = 25.8, r2 = 0.84, p < 0.01). 
DISCUSSION 
Predators may have a variety of strong impacts on 
the structure and functioning of pelagic ecosystems 
(Verity & Smetacek 1996) The consequence of this 
'top-down' control 1s that changes in the intensity of 
predation may cause concomitant changes within indi- 
viduals, populations and communities at lower trophic 
levels. Brooks & Dodson (1965), for example, showed 
that the introduction of planktivorous fish to freshwa- 
ter lakes caused a reduction in the slze of the zoo- 
plankton as a result of predation on the larger forms. 
Similarly, changes may occur in the life-history strate- 
gies of individual species. For example, in the presence 
of planktivorous fish, the cladoceran Daphnia matures 
earlier and lays larger clutches of eggs (Machacek 
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1993). It has been widely argued that zooplankton 
exhibit DVM principally in order to reduce their risk of 
mortality from predators (Lampert 1989). When the 
dominant predators occur near the surface and use 
vision to locate their prey (such as many planktivorous 
fish), then NDVM tends to occur with the zooplankton 
occurring deeper during the day and coming to the 
surface only at night when their probability of being 
perceived and hence consumed by the visual predators 
is greatly reduced. Conversely, if tactile predators 
dominate and are themselves exhibiting NDVM, then 
their zooplankton prey show RDVM and in this way 
the zooplankton prey increase their spatial separation 
from their predators (Ohman et al. 1983, Neill 1990). In 
experimental enclosures changes in the DVM behav- 
iour of zooplankton have been shown to occur in 
Fig. 8 The rmOd,,,,d frequency dis- 
tributions for (a) Temora longi- 
cornis, (b) Calanus spp. Cl-C4, 
(c)  Para-Pseudocalanus, (d) Cen- 
tropages typicus, (e) Centropages 
hamatus, and ( f )  Acartia clausii. 
n = 200 trials in each case. The 
observed correlation coefficients 
are shown by the vertical arrow on 
each graph 
response to changes in the intensity of predation (Neill 
1992). That these experimentally induced changes in 
DVM behaviour may occur within only a few hours 
suggests that the DVM changes may occur as a 
result of behavioural plasticity of individuals and not 
slmply by selective predation (Pearre 1979, Gliwicz 
1986b). 
Given this influence of predators on the DVM behav- 
iour of zooplankton, it would be predicted that changes 
in the intensity of predation in natural environments, if 
of sufficient magnitude, should induce changes in zoo- 
plankton behaviour. The observations of Bollens & 
Frost (1989) that temporal variability in the NDVM 
behaviour of the marine copepod Calanus pacificus 
was correlated with the abundance of their fish preda- 
tors provided evidence that predator induced natural 
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Prosome length (mm) 
Fig 9.  The observed correlation coefficient (r) between the 
N/D,,d,, for each copepod taxon and the herring total biomass 
(values given In Table 1) plotted against the prosome length 
of each copepod taxon. The fitted logistic model (see text for 
details) explains 84 % of the variation in r 
changes in DVM behaviour may indeed occur in 
marine environments. More recently we have shown 
that in the North Sea, changes in the DVM behaviour of 
C5-C6 Calanus finmarchicus between 1960 and 1990 
were well correlated with the SSB of herring, again 
suggesting that the changes in DVM behaviour were 
predator induced (Hays 1995a). However, our previous 
study might be criticised (1) because the SSB of herring 
may not be a good measure of the overall biomass of 
the herring population, and (2) because herring are  
only 1 of several fish that feed on C5-C6 C. finmarchj- 
cus and hence changes in the stock of herring may not 
reflect changes in the total planktivorous fish biomass. 
Fisheries data for the North Sea are collected by var- 
ious countries, such as Scotland, Norway and Den- 
mark, with these data then being used by ICES work- 
ing groups to produce annual assessments of stock 
size. The ICES working group reports contain the most 
comprehensive and definitive estimates for the stock 
size of the various species in the North Sea (see, for 
example, previous use of this data by Corten 1990, 
Corten & van d e  Kamp 1992, Harris & Bailey 1992, 
Monaghan 1992) and were therefore used here. Due to 
its socio-economic importance, the herring fishery in 
the North Sea has been the subject of continued 
research and assessment over the last century (Burd 
1978, Cushing 1980). The collapse of this stock in the 
1970s has been well documented and led to the even- 
tual closure of the fishery for a period in the late 1970s 
(Corten 1990, Corten & van d e  Kamp 1992). The ICES 
working group data showed that in the North Sea the 
herring total blomass and spawning stock biomass dis- 
played broadly similar trends between 1958 and 1994, 
with high abundance in the late 1950s and early 1960s 
declining to low abundance in the 1970s and then ris- 
ing to higher abundance again in the 1980s. The SSB 
which we have used previously as a n  index of herring 
abundance (Hays 1995a) clearly provides a good mea- 
sure of the total herring biomass in this region. 
Aside from herring, 3 other planktivorous fish that 
occur abundantly in the North Sea are  sandeel, Nor- 
way pout and mackerel (Monaghan 1992). Data on the 
total biomass of all 3 of these species in the North Sea 
were available from 1978. Before this time, data for 
sandeel and Norway pout in the ICES working group 
reports are  given in units of numbers rather than bio- 
mass and so are not directly comparable with the 1978 
to 1989 data. As might be expected, when herring 
were scarce in the 1970s they accounted for only a 
small proportion of the combined herring + sandeel + 
Norway pout + mackerel total biomass, but as the her- 
ring stock recovered in the 1980s they accounted for an  
increasing proportion of the combined total biomass. 
The herring total biomass accurately reflected the 
combined herring + sandeel + Norway pout + mack- 
erel total biomass within the period 1978 to 1989. We 
therefore conclude that the long-term changes in the 
herring stock that occurred between 1958 and 1994 
probably give a good indication of the overall intensity 
of visual predation on large copepods such as C5-C6 
Calanus finmarchicus. 
The major benefit of using the CPR survey to exam- 
ine NDVM is that there is a huge (both spatially and 
temporally) data-base of analysed samples (Fig. l b )  
which allows aspects of the DVM behaviour of zoo- 
plankton to be accurately quantified (e.g. Hays et  al. 
1994, 1995). The very high towing speed of CPRs (typ- 
ically 12 to 20 knots or 600 to ZOO0 cm S") means that 
differential day:night avoidance of the CPR by cope- 
pods is likely to be  negligible (Hays 1995b) and hence 
the ratio of night to day abundance in the CPR records 
may reveal the extent of DVM. The N/Dind,, for C5-C6 
Calanus finmarchicus between 1958 and 1994 was 
positively correlated with the herring total biomass 
(Fig. 4).  This is consistent with the correlation we 
reported previously between the NIDind,, for C5-C6 C. 
finmarchicus and the herring SSB for a more restricted 
time-series (1960 to 1990). When the herring total bio- 
mass was low, the NID,,de, for C5-C6 C. finmarchicus 
was close to 1.0, suggesting that little DVM was occur- 
ring and,  when the herring biomass was greater, the 
N/D,,de, was >1.0, suggesting that the NDVM behav- 
iour of C5-C6 C. finmarchicus was stronger This 
observation is consistent with the hypothesis we pro- 
posed previously that inter-annual variability in the 
abundance of herring in the North Sea over recent 
decades has caused inter-annual variability in the 
NDVM behaviour of C5-C6 C. finmarchicus (Hays 
1995a). One might criticise this hypothesis because the 
herring total biomass only accounted for 46% of the 
inter-annual variability in the NID,,d,, for C5-C6 C. 
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Fig. 10. Schematic representation of some of the d~fficulties in 
making a precise interpretation of changes in the N/DJnde, for 
species that occur near the surface and only undergo NDVM 
with an amplitude of a few metres. The extent of NDVM has 
increased between (a) and (b) but, depending on the sam- 
pling depth, this change in NDVM behaviour could produce 
either an increase in the N/D,,,,, (sampling depth 1 )  or a 
decrease in the N/DJnde, (sampling depth 2 )  
finmarchicus. However, our calculations suggest that 
the residual variation can be explained by the inaccu- 
racy with which the N/Dlnde, was estimated. 
If,  as  we suggest, there have been long-term 
changes in the intensity of visual predation in the 
North Sea in recent decades, then long-term changes 
in the DVM behaviour of other copepods in this region 
might be expected. For the same time period (1958 to 
1994) we therefore calculated the NID,,,,, for the 6 
other most abundant copepod taxa in the CPR records 
from the North Sea and compared these values with 
the herring total biomass. The N/Dlnde, for all 6 of these 
taxa showed long-term trends that CO-varied with the 
herring total biomass (Fig. 7 ) .  Again the unexplained 
variation in these relationships could be accounted for 
by the inaccuracy with which the N/D,ndex was esti- 
mated (Fig. 8). These findings suggest that long-term 
changes in DVM behaviour in the North Sea have not 
been restricted to C5-C6 Calanus finmarchicus, but 
have also occurred in many other abundant zooplank- 
ton taxa as  well. 
The sign of the correlation (+ or -) between the 
N/DInd,, and the herring total biomass varied between 
taxa (Fig. 7 ) .  Thus for Temora longicornis, Para-Pseudo- 
calanus, Centropages hamatus and Acartia clausii, the 
N/Dmd, was higher when herring were scarce and lower 
when herring were abundant, which was the opposite 
pattern to that found for C5-C6 Calanus finmarchicus, 
Calanus spp. Cl-C4 and Centropages typicus. 
In trying to explain these inter-taxa differences, we 
need to look closely at what the NID,,,,, may be mea- 
suring for different species. The main problem with this 
measurement is that nothing is known of the die1 
changes in the depth of the sampled population, i.e. the 
fixed near-surface sampling depth of the CPR can give 
no information on the amplitude of NDVM (see Hays 
1994 for further discussion). For certain copepods, such 
as members of the family Metridiidae (e.g. Metridia 
spp, and Pleuromamma spp.), the amplitude of NDVM 
is typically very large (several 10s or 100s of metres), 
with the populations only being near the surface at 
night (Longhurst & Williams 1979). For such species the 
CPR, due to its near-surface sampling depth, will tend 
to catch much greater numbers at night compared to 
during the day and hence the N/Dind,, will be directly 
related to the extent of NDVM (Hays et al. 1994). Simi- 
larly Calanus spp. may, on certain occasions, undergo 
NDVM with an amplitude of several 10s of metres (e.g. 
Frost 1988) and so the N/D,,,,,is likely to be directly re- 
lated to the extent of NDVM for this genus. However, 
for smaller copepods such as Temora longicornis, 
Pseudocalanus, Centropages hamatus and Acartia 
clausii, the amplitude of NDVM is generally only a few 
metres, with these species always being close to the 
surface (Longhurst & Williams 1979, Harris 1988). For 
small species NDVM may consequently be evident ei- 
ther as a high N/Dlnd,, value (when the population cen- 
tre is mainly below the CPR sampling depth during the 
day and closer to the CPR sampling depth dunng the 
night) or as a low N/Djndex value (when the population 
centre is mainly close to the CPR sampling depth dur- 
ing the day and above the CPR sampling depth during 
the night). The precise interpretation of the N/Dmdex for 
small copepods is therefore problematic, with the 
N/D,,,,, either getting larger or smaller as the extent of 
NDVM increases (Fig. 10). The difference in the signs 
of the correlations (+ or -) between the NIDlnd,, for the 
different copepods and the herring stock could, there- 
fore, broadly reflect either size-dependent differences 
in the nature of the ~nformation given by the N/Dlndex 
or size-dependent differences in the nature of their 
changes in NDVM behaviour. While a precise interpre- 
tation of differences in the N/Dmd, may be difficult to 
make for small species, a temporal change in the 
N/Dindex would, nevertheless, suggest that some sys- 
tematic change in DVM behaviour had occurred. Our 
finding that between 1958 and 1994 the time-series of 
N/Dinde, values for the most abundant copepod taxa in 
the North Sea were all well correlated with the size of 
the herring stock therefore suggests that systematic 
predator-induced decadal changes in zooplankton 
NDVM behaviour have been widespread in the North 
Sea ecosystem. 
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